We synthesize various kinds of mesoporous Nb 2 O 5 samples by changing surfactants (P123 and Brij 56), followed by calcination (from 400 to 500 and 600°C). The effect of these parameters helps to produce a well-defined mesoporous framework with crystallinity. The mesoporous Nb 2 O 5 samples are well characterized by using small-angle X-ray scattering (SAXS) measurements, N 2 adsorptiondesorption isotherms, and wide-angle XRD measurements. In a P123 system, the frameworks are well crystallized to the TT-phase (pseudo-hexagonal) by calcination at 500°C with retention of the mesoporous structures. In the Brij 56 system, after calcination at 500°C, the framework is well retained in an amorphous state. It is proved that the thick walls prepared with P123 are easily crystallized in comparison to thin walls prepared with Brij 56. Furthermore, we investigate the photocatalytic activity by using several types of mesoporous Nb 2 O 5 prepared with P123. All these mesoporous Nb 2 O 5 samples show photocatalytic activity with their decomposition reaction of methylene blue (MB) molecules. It is concluded that the reaction rates depend on their crystallinities in the frameworks, surface areas, and average mesopore sizes.
Introduction
Mesoporous materials have attracted much attention for years because of their excellent physical properties, such as a very large specific surface area and nanometer-scale fine pores, which are beneficial for their use as catalysts, catalysis supports, inclusion vessels, and adsorbents. 1)4) In 1990, Kuroda et al. at Waseda Univ. discovered mesoporous silicas (later denoted KSW-1) by the reaction of a layered polysilicate kanemite with alkyltrimethylammonium Cn-TMA surfactants. 5), 6) It was demonstrated that the mesopore size could be controlled by simply changing the chain length of the surfactants. In 1992, researchers from the Mobil Research and Development Corp. reported ordered mesoporous silicas with hexagonal (MCM-41), cubic (MCM-48), and lamellar structures (MCM-50), designated as M41S, prepared by using Cn-TMA surfactants. 7) , 8) Since all these discoveries yielded well-defined and well-ordered mesoporous silicas with excellent functional properties, many types of mesoporous materials have been synthesized using the supermolecular assembly of surfactants. In particular, the framework composition that governs the properties of mesoporous materials has been studied most extensively. Mesoporous materials now include a variety of framework compositions, such as metal oxides, 9)11) carbon compounds, 12)14) inorganicorganic hybrid materials, 15) , 16) and metals. 17) Recently, mesoporous transition-metal oxides have attracted much interest in a wide range of applications due to their unique chemical and physical properties, such as high surface area, controlled pore size and narrow distribution of pore size. 18) 21) In general, mesoporous metal oxides can be synthesized through a solvent evaporation process of precursor solutions consisting of metal sources (alkoxides or chlorides) and surfactants. 21) Then, as solvents evaporate, the surfactant micelles are gradually assembled to form the ordered mesophases. The solvent evaporation method is a powerful technique for making novel mesoporous materials with controlled orientations for mesochannels and morphological shapes. For instance, when a high magnetic field is applied to liquid crystals, the rod-like macromolecules are uniaxially oriented due to the magnetic anisotropies of the surfactant molecules. After polymerization of the silica species, the macroscopic orientation of the mesochannels can be realized. 22 )24) One-dimensional (1D) fibers can also be prepared through the penetration of surfactant-containing precursor solutions into the cylindrical confined spaces of polycarbonate (PC) 25) , 26) or porous anodic alumina (PAA) membranes. 27) When the PC membranes were used, 1D fibers with mesoporous structures could be prepared in one pot by simultaneously removing both the surfactants and the PC membrane by calcination. 25 ),26) So far, we have reported mesoporous metal oxide fibers, such as silica, alumina, titania, zirconia, niobia, and tantala. 25) In mesoporous transition-metal oxides, the framework crystallinity plays a very important role for their practical applications. A well-defined crystalline state shows good thermal and mechanical stability as well as superior electric and optical properties. In addition, a crystallized framework can enhance their carrier mobility to improve the performance in electronic devices. However, as the crystallization in the frameworks proceeds gradually, the mesostructural ordering gradually decreases with a reduction in the surface area. 20),28) Therefore, considering their use in practical applications, it is important to investigate the gradual change that takes place both in the framework crystallinity and their mesoporous structure.
In this study, we focused on niobium oxide (Nb 2 O 5 ), which was useful as a catalyst. 29) , 30) For the preparation of mesoporous Nb 2 O 5 , we utilized a solvent evaporation method, which is very useful for controlling the morphology, using PC or PAA membranes, 25) 27) although a hard templating method using mesoporous silica has been reported. 31) We prepared various types of mesoporous Nb 2 O 5 by using two types of surfactants while changing the amount of surfactants by applying various calcination temperatures. The effect of these parameters in the framework on the mesostructural ordering and crystallinity was carefully examined. It is well known that Nb 2 O 5 possesses various crystal structures and exhibits a wide variety of properties depending on its crystal structures. 32)34) At low calcination temperatures below 1000°C, TT-phase (pseudo-hexagonal) and T-phase (orthorhombic) are thermally stable. The TT-phase is stable at the lowest temperature (around 500°C) and is of particular interest for electrochromism. 35 ), 36) As the calcination temperature increases, the phase transition to the T-phase occurs. The T-phase has attracted interest due to its high electrochemical stability and an excellent cycling behavior. 37 ) Furthermore, we investigated the photocatalytic activity by using several types of mesoporous Nb 2 O 5 prepared with P123. Although all the mesoporous Nb 2 O 5 samples show photocatalytic activity over their composition reaction with methylene blue (MB) molecules, their reaction rate depends on the crystalline framework with a large surface area.
Experimental

Materials
Niobium(V) ethoxide was purchased from Wako Pure Chemical Industries, Ltd. Acetic acid, concentrated hydrochloric acid (35 wt %), and ethanol were obtained from Nacalai Tesque, Inc. Amphipathic surfactant Pluronic 123 and Brij 56 were acquired from Aldrich, Inc. All chemicals were used without further purification.
Synthesis of mesoporous Nb 2 O 5
Mesoporous Nb 2 O 5 powders were synthesized according to a previous study. 25) Niobium(V) ethoxide (0.53 g), acetic acid (0.40 g), concentrated hydrochloric acid (0.21 g), and surfactant (Pluronic 123 or Brij 56) were added to ethanol (5.0 ml), and the mixture was then stirred for 1 h. Several types of precursor solutions were prepared by varying the amounts of surfactant from 0.27 to 0.53 g, 0.80, and 1.33 g. After the mixing, the precursor solutions were put in a Petri dish and aged under controlled temperatures and relative humidity by using a thermohygrostat (ISUZU, HPAV-120-20). At an early stage of aging, the ethanol evaporation was conducted at 40°C with 40% relative humidity for 12 h. After that, further aging was conducted at 65°C with 10% relative humidity for 24 h. After the aging, transparent monoliths were obtained. As-prepared samples were calcined in air for 5 h at various temperatures (400, 500, and 600°C). The obtained samples were labeled as P_"X"_ "Y" or B_"X"_"Y", where P and B indicate the type of surfactant used (Pluronic 123 and Brij 56, respectively), "X" indicates the amounts of surfactant added (g), and "Y" indicates the calcination temperatures (°C). For the as-prepared samples before the calcination, we denoted "as" in "Y".
Photocatalytic activity test
Each sample (0.01 g) was dispersed in 50 mL of MB aqueous solutions (0.03 mM) in a glass tube with 3.5 cm in diameter, followed by ultrasonication for 30 s. The mixture was stirred for 60 min in the dark (the adsorption process) and irradiated for 60 min (the photolysis process) with stirring; the collimated light from a 250 W Xe-lump (USHIO, UI-501C) was irradiated without any optical filter to the sample in a silica-glass tube fixed in a temperature-controlled water bath (30°C). The light was irradiated perpendicularly to the tube. The silica-glass tube was capped to avoid evaporation of the solvent during the adsorption and photolysis processes. The solution (3.0 ml) was sampled several times by opening the cap. Then, the sampled solutions were filtrated with a syringe-driven polytetrafluoroethylene (PTFE) filter (Advantec 25JP050AN with a pore size of 0.50¯m) and measured with a UVvis spectrophotometer (Shimadzu, UV-3100PC).
Characterization
The small-angle X-ray scattering (SAXS) and wide-angle XRD profiles of the obtained samples were measured on NanoViwer (Rigaku Corp., Japan) and Rigaku RINT 2000/PC (Rigaku Corp., Japan). N 2 adsorptiondesorption isotherms were measured by using BELLSORP-mini II (BEL JAPAN). Prior to the measurement, the samples were degassed under vacuum at 100°C for 24 h with BELPREP-vac II (BEL JAPAN). Transmission electron microscope (TEM) images were obtained on JEOL TME-2010 operating at 200 kV. Samples were dispersed in ethanol by ultrasonification and mounted on the microgrid.
Results and discussion
The mesoporous structure of the obtained samples was examined by SAXS measurement (Fig. 1) . When Pluronic 123 was used [ Fig. 1(a) ], the peak intensity in the as-prepared samples became more prominent with an increase in the surfactant amounts, which means an improvement in the mesostructural ordering. Particularly in the case of P_0.80_as and P_1.33_as, a second-order peak was also observed. The calcination at 400°C caused a peak shift toward a higher angle (except for P_1.33_400) by the thermal shrinkage of the mesoporous structures. However, when the samples were calcined at 500°C, the diffraction peaks were shifted to a lower angle, revealing that the pore-to-pore distance had become wide (the reason for this will be given in a later section). When Brij 56 was used [ Fig. 1(b) ], the position and intensity of the peaks in the as-prepared samples were quite similar regardless of the amounts of surfactant used. When the calcination temperature increased, the diffraction peaks gradually shifted towards a lower angle, showing a continuous widening of the pore-to-pore distance. In both cases of P123 and Brij 56, when the calcination temperature reached 600°C, no peaks were observed, indicating that the mesostructure had been destroyed. N 2 adsorptiondesorption isotherms and pore-size distribution are displayed in Fig. 2 . After calcination at 400°C, the isotherms were type IV with a hysteresis loop, which is characteristic of mesoporous materials. The disordered mesoporous structure was also confirmed by TEM pictures [Figs. 3(a) and 3(b) ]. The BET surface areas and average mesopore sizes calculated by BJH method of each sample are listed in Table 1 . In the P123 system [ Fig. 2(a) ], with an increase in the calcination temperature to 500°C, the relative pressure at which capillary condensation occurred shifted towards a higher pressure, reflecting an enlargement of the mesopore diameter. The BET surface areas of the samples calcined at 500°C decreased more than half, and the average pore size increased dramatically in comparison with the values of the samples calcined at 400°C. In the Brij56 system [ Fig. 2(b) ], even after calcination at 500°C, the BET surface areas were essentially unchanged (B_0.27_500 and B_0.53_500) or slightly increased (B_0.80_500 and B_1.33_500). Enlargement of the mesopores did not occur. In the samples with both P123 and Brij 56, when the calcination temperature reached 600°C, the isotherms showed the complete collapse of the mesopores, which corresponds to the result observed with SAXS. The BET surface areas were less than 10 m 2 g ¹1 . The crystallinity in the frameworks was characterized by using a wide-angle XRD measurement. The typical profiles of P_0.80_Y and B_0.80_Y are shown in Fig. 4 . When the asprepared samples were calcined at 400°C, no apparent peaks were observed, revealing the presence of the amorphous state in the frameworks. After calcination at 500°C, several peaks charac- 154 nm) , ¢ is the full width at half-maximum (in radians), and ª is the diffraction angle). The crystallite sizes roughly estimated from (001) diffraction peaks are also listed in Table 1 . The crystallite size of P_X_500 samples ranged from 20 to 30 nm. The formation of the crystallized frameworks was also confirmed by using a highly magnified TEM image [Figs. 3(c) and 3(d) ]. Several domains with well-defined lattice fringes were clearly observed. The lattice fringes were coherently extended across the mesopores. The size of the crystal domain in P_0.80_500 was estimated to be around 21 nm, which agreed with the size calculated using the Scherrer equation (Table 1) . During the crystallization process, several mesopores combined together to form a larger mesopore surrounded by the crystallized frameworks. The change in mesostructure can be explained with an increase in the pore-to-pore distance [ Fig. 1(a) ]. A similar phenomenon has been reported in previous papers on mesoporous crystallized Nb 2 O 5 powders using niobium pentachloride (NbCl 5 ) as a metal source.
38),39)
On the other hand, in the case of the Brij 56 system, even after the calcination at 500°C, the frameworks were still in an amorphous phase [Figs. 4(b) and 4(d)]. These results may be explained from the difference in the framework thicknesses. The average thickness of the frameworks can be roughly estimated by subtracting the mesopore diameters calculated by the BJH method (Table 1 ) from the pore-to-pore distance measured by SAXS patterns (Fig. 1) . The calculated averages for the thickness of the frameworks in P_0.80_500 and B_0.80_500 were 10.2 and 7.6 nm, respectively. Due to the thinner framework in B_0.80_500, the diffusion of the atoms in the frameworks was more difficult, thereby the nucleation and successive crystal growth was suppressed. Because the crystallization of the frameworks did not occur, the average mesopore sizes in B_X_500 samples had almost identical values as those observed in B_X_400 samples [ Table 1 , Fig. 2(b) ].
In both samples with P123 and Brij 56, when the calcination temperature reached 600°C, very intense peaks appeared at 28.38, 28.84, 36.64, and 37.06° (Fig. 4) , which corresponded to the characteristic T-phase (orthorhombic). The crystallization temperature of the T-phase (a = 6.162, b = 29.313, c = 3.936 ¡) is larger than that in the pseudo-hexagonal TT-phase (a, b = 3.607, c = 3.925 ¡). With a further increase in the calcination temperatures, destruction of the mesoporous structures took place, leading to the formation of a large crystallite size, resulting in the absence of peaks in SAXS with extremely low BET surface areas.
Consequently, by using the optimized synthetic condition with P123, well-crystallized frameworks were observed in the TTphase with the retention of high surface areas and with regular mesostructural properties. Here, we examined the adsorption and photocatalytic properties of mesoporous Nb 2 O 5 prepared with P123 by dispersing the samples in the aqueous solution of MB. Figure 5 shows the time course of the visible spectra of the MB solution, which are sampled and filtrated from the dispersion, during the adsorption and photolysis of MB. Before light irradiation (060 min), the absorbance of the peak at 664 nm corresponds to the decrease of MB, indicating the adsorption of MB to the samples. After the start of light irradiation (60 120 min), the absorbance began to decrease again, accompanied by a blue shift of the wavelengths with the absorption maxima. This result indicated that the MB and the compounds formed by partial decomposition of MB were not fixed in the mesopores but are in the adsorption equilibrium during the photolysis. Figure 6 shows the time course of the absorbance at the wavelength of the absorption maxima observed in the visible spectra. In all the systems, adsorption of MB on Nb 2 O 5 surface was reached to equilibrium within 60 min. After the start of the light irradiation, the UV absorbance decreased further due to the decomposition reaction of MB molecules. According to the LangmuirHinshelwood model, 40) the photocatalytic reaction proceeds in first-order kinetics at the limit of very low reactant concentration. To evaluate the kinetics of the photolysis in this model, we plotted the natural logarithm of the [MB]/[MB] 0 , where [MB] 0 is the value at the absorption equilibrium, as the function of the photo-irradiation time (see inset in Fig. 6 ). The present system well followed the first-order model. The estimated reaction rates of P_0.27_400, P_0.27_500, and P_0.27_600 were 5.6 © 10 ¹3 , 1.2 © 10 ¹2 , and 8.6 © 10 ¹3 min
¹1
, respectively [ Fig. 6(a) ]. P_0.27_400 showed the lowest photocatalytic property because its framework was still amorphous. P_0.27_500 showed the highest photocatalytic property. As shown in the TEM picture [ Fig. 3(d) ], the crystal faces were clearly exposed to mesopores, enabling MB molecules to react with crystal surface directly. The crystallized frameworks can promote the reaction rate because of the efficient transfer of a photogenerated charge to the surface associated with a lesser charge recombination. Although P_0.27_600 possessed the crystallized TT-phase, the reaction rate was very low. This is because the reaction rate depends on the surface area, and a very low surface area cannot accelerate the MB photodecomposition.
To clarify the effect of the surface areas on MB photodecomposition, mesoporous Nb 2 O 5 (P_0.27_500, P_0.53_500, P_0.80_500, and P_1.33_500) were calcined at the same temperature (500°C). The reaction rates were calculated to be 1.2 © 10 ¹2 min ¹1 (P_0.27_500), 1.4 © 10 ¹2 min ¹1 (P_0.53_500), 1.1 © 10 ¹2 min ¹1 (P_0.80_500), and 8.6 © 10 ¹3 min ¹1 (P_1.33_500), respectively [ Fig. 6(b) ]. As expected, with an increase in the surfactant amount (with a decrease of the surface areas), the reaction rates should decrease. However, the reaction rate in P_0.53_500 showed the fastest values, with an insignificant change in the BET surface area.
For accelerating the decomposition reaction with MB molecules, not only the crystallization degrees and surface area are affected but also the diffusion of both MB molecules takes place. As revealed by the visible spectra (Fig. 5) , the MB molecules can gradually diffuse from the solution phase to the sample surface, and the compounds formed by the photolysis can also gradually diffuse from the reaction site to outside of the samples. Such diffusion of both MB molecules and formation of compounds by photolysis help in accelerating the decomposition reaction. The pore size of P_X_500 ranges from 11 to 16 nm (Table 1) , which is far enough for diffusion of MB molecules (1.6 nm © 0.7 nm = 1.1 nm 2 ). The largest value in mesopore size was observed in P_0.53_500. Therefore, it is concluded that that diffusion of MB molecules and the compounds occurred more efficiently, leading to an increase in the reaction rate.
Conclusion
We reported a systematic study on the mesoporous structure and framework crystallinity in mesoporous Nb 2 O 5 by altering surfactant types, the amounts of surfactant, and calcination temperatures. In the P123 system, the crystallization of the Nb 2 O 5 framework was successful with the retention of mesoporous structures on calcination at 500°C. The crystal structure observed in P123-based samples was a pseudo-hexagonal TTphase. However, in the Brij 56 system, even after calcination at 500°C, the framework was still an amorphous phase. This is attributed to the difference in wall thicknesses. In both cases of P123 and Brij 56, as the calcination temperature increased to 600°C, T-phase (orthorhombic) crystallite was formed, resulting in the complete collapse of the mesostructure. The mesoporous Nb 2 O 5 prepared with P123 showed a photocatalytic property to decompose MB molecules. The reaction rate for mesoporous materials depends on several factors. One of the factors is the crystallinity of the framework for an efficient transfer of the photogenerated charge to the surface. Another factor is the surface area for adsorbing MB molecules. Because P_0.27_500 possessed both a well-developed crystallized framework and high surface areas, P_0.27_500 showed a higher reaction rate in comparison with P_0.27_400 (with an amorphous framework) and P_0.27_600 (with a lower surface area). In addition, the mesopore size to diffuse MB molecules is a factor. Among P_X_500 samples, P_0.53_500 possessed the largest pore size. Therefore, the reaction rate was the fastest even though its crystallite size and surface area were not at the maximum. These results indicate that an optimal balance in crystallinity, surface area, and pore size is significant for the photocatalytic property.
